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Abstract. We present an alternative optical method to estimate the temperature during the cooling process of a
liquid using digital holographic interferometry (DHI). Wemake use of phase variations that are linked to variations
in the refractive index and the temperature property of a liquid. In DHI, a hologram is first recorded using an object
beam scattered from a rectangular container with a liquid at a certain reference temperature. A second hologram
is then recorded when the temperature is decreased slightly. A phase difference between the two holograms
indicates a temperature variation, and it is possible to obtain the temperature value at each small point of the
sensed optical field. The relative phase map between the two object states is obtained simply and quickly
through Fourier-transform method. Our experimental results reveal that the temperature values measured
using this method and those obtained with a thermometer are consistent. We additionally show that it is possible
to analyze the heat-loss process of a liquid sample in dynamic events using DHI. © 2016 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.55.12.121730]
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1 Introduction
The thermal conditions of liquid samples are of interest in
many areas of science, and determining the temperature of
liquid substances is very important in engineering applica-
tions, such as the design of air-conditioning units, heat
transfer equipment, machines and industrial processes, and
thermal energy storage systems.1 The temperature values of
substances are commonly determined using devices that
must be in contact with the specimen. However, these devi-
ces often affect the dynamic evolution or the mechanical
properties of the fields of temperature in a substance. In con-
trast, common optical techniques are noninvasive, noncon-
tact, and nondestructive, and they have been developed for
this purpose using the thermo-optical effect,2 which is ther-
mal modulation of the refractive index n of a material.3
However, they only obtain temperature data over a small
region of the sample.4,5
New advanced optical techniques are more precise and
higher resolution, and yield stable full-field measurements
between optical fields; these techniques are generally pre-
ferred for monitoring the dynamic evolution of entire optical
fields. Some of these methods include the Schlieren, shadow-
graph, and interferometry techniques.6 Digital holographic
interferometry (DHI) is an optical metrology technique
based on holography that records and reconstructs wave-
fronts to interferometrically compare two or more wavefronts
obtained at different moments or states of an object using a
computer. Furthermore, DHI is a fast, simple, high-precision,
nondestructive, full-field optical technique for measuring
variations of physical properties of phase objects in dynamic
processes.7–9
Some new studies based on DHI have obtained measure-
ments of phase differences and used these data to visualize
and determine how flow fields change constantly in both
time and space. Several authors have established a physical
model to determine a relationship between the phase and
the parameter to be analyzed.10 These investigators have
obtained measurements of the temperature variation in flu-
ids,11 flames,12–16 and liquids.11,17–23 However, these methods
use the entire wrapped phase map difference or a part of this
phase map, and also necessitate a robust algorithm to unwrap
the phase map to obtain a physical parameter. Other DHI
methods obtain measurements of a phase variation linked
with a punctual value of concentration in the crystallization
evolution process,10,24,25 but they neglect the temperature
values in their mathematical expressions.
We present an alternative method to measure the temper-
ature of transparent, nonscattering liquid samples. Using
a physical model to determine the relation between the
phase difference and the temperature variation between a
certain time of sample and a reference temperature, we can
calculate the temperature value at each point of the liquid
sample. The wrapped phase difference map between a
*Address all correspondence to: Carlos Guerrero-Mendez, E-mail: capacti@
gmail.com 0091-3286/2016/$25.00 © 2016 SPIE
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reference-state hologram and a subsequent hologram is cal-
culated digitally using the Fourier-transform method26 from
a series of holograms recorded dynamically between the dif-
ferent states of the liquid sample. This method does not
necessitate the entire wrapped phase map, big region, or a
line of it to approximate the temperature value in the liquid
sample. The temperature values are obtained from the phase
variations in a single pixel in the wrapped phase map and an
initial temperature value. Furthermore, to increase the accu-
racy of the method, the dependence of the refractive index on
the temperature (i.e., the thermo-optic coefficient of the sam-
ple) is considered. Our results reveal that our proposed
method is a fast and simple technique that is highly precise,
nondestructive, and does not necessitate contact for measur-
ing the temperature evolution in a liquid sample.
2 Experimental Setup and Theory
Figure 1 shows the optical setup for monitoring the cooling
process in a liquid sample using DHI. Monochromatic He–
Ne laser light at a wavelength of λ ¼ 543.5 nm and a maxi-
mum output power of 5 mW is split into two beams by a
plane 50:50 beam splitter BS1. The reflected beam (object
beam) from the mirror is sent to a 10× microscope objective
MO1 and a lens L1 to expand and collimate the object beam.
A diffuser D1 (2.0 mm and 120 grit) creates a diffused illu-
mination that avoids concentric ring patterns that arise from
dust particles or scratches on the optical elements. Then the
diffused light passes through a transparent quartz cell 10 ×
10 × 50 mm (L ×W ×H) filled with the hot liquid sample S.
The light scattered by the liquid container is modulated by
the rectangular aperture A1 in their spatial frequencies, and it
passes through this aperture. Next, the modulated light is col-
lected by a positive lens L3 with a focal length of 75 mm.
Then the object beam interferes with the transmitted beam
(reference beam) in the cubic 50:50 beam splitter BS2 placed
in front of a charge-coupled device (CCD). A1 has a size of
∼2.31 × 6.35 mm (H × V), and the rectangular shape of the
aperture is the most convenient because we improve the light
collection and obtain higher spatial frequencies, which leads
to increased spatial resolution. Furthermore, the Fourier
method ensures easy filtering and the possibility of using
the maximal area in the CCD.27,28 A similar microscope objec-
tive to MO1 and a lens to L1 are introduced, respectively, as
MO2 and L2 (to expand and collimate the reference beam)
to interfere the reference beam and the object beam intoBS2.
A small angle is introduced between the object and the refer-
ence beam on the Mach–Zehnder configuration to achieve
the off-axis holography geometry. The CCD camera (pco.
pixelfly usb) is a monochromatic type with a 14-bit dynamic
range with 1392 × 1040 pixels (H × V) and a pixel size of
6.45 × 6.45 μm that records the holograms at 12 frames
per second (fps). The interference pattern recorded onto
the CCD is used to estimate the phase of the object wavefront
and later calculate the phase difference between two object
beams. For the phase difference calculation, we never
reconstructed a complete wavefront as in common digital
holography.
2.1 Phase Estimation
The holographic technique is able to record the amplitude
and phase information of a wavefront that is scattered by
a phase object. The total light intensity in the CCD can
be expressed as
EQ-TARGET;temp:intralink-;e001;326;527Iðx; yÞ ¼ jOðx; yÞ þ Rðx; yÞj2; (1)
where
EQ-TARGET;temp:intralink-;e002;326;485Oðx; yÞ ¼ oðx; yÞ exp½iϕðx; yÞ; (2)
and
EQ-TARGET;temp:intralink-;e003;326;448 ðx; yÞ ¼ rðx; yÞ exp½−2πiðfcxxþ fcyyÞ; (3)
are the complex amplitudes of the object and the reference
beams, respectively. x and y are rectangular coordinates at
the image sensor plane. fcx and fcy represent the spatial car-
rier frequency along the directions x and y, respectively, due
to a small inclination of the reference beam with respect to
the system optical axis z.
According to DHI, two holograms generated by an object
in two different states or different time lapses t are required
to measure a physical variation during a physical process.
The object beam of a hologram captured at a specific
time t ¼ 1; 2; 3; : : : ; N (where N is the last period of time
in the dynamic process) can be represented as
EQ-TARGET;temp:intralink-;e004;326;289Otðx; y; tÞ ¼ otðx; y; tÞ exp½iϕtðx; y; tÞ: (4)
The object beam at an initial time (t ¼ 0) is expressed as
EQ-TARGET;temp:intralink-;e005;326;247O0ðx; y; 0Þ ¼ o0ðx; y; 0Þ exp½iϕ0ðx; y; 0Þ: (5)
The terms ϕt and ϕ0 (phases) can be extracted from an
interference pattern, and those phases can be used to create
a phase difference Δϕt−0 and calculate a physical variation in
a dynamic process. For this interference pattern, a valid
expression of Eq. (1) can be written as
EQ-TARGET;temp:intralink-;e006;326;161Iðx; yÞ ¼ aðx; yÞ þ cðx; yÞ exp½2πiðfcxxþ fcyyÞ
þ cðx; yÞ exp½−2πiðfcxxþ fcyyÞ; (6)
with
EQ-TARGET;temp:intralink-;e007;326;99 ðx; yÞ ¼ o2ðx; yÞ þ r2ðx; yÞ; (7)
and
Fig. 1 Schematic diagram of the experimental setup using DHI. BS1:
plane beam splitter; BS2: cubic beam splitter; M1, M2: mirrors; MO1,
MO2: 10× microscope objectives; L1, L2, L3: lenses; D1: diffuser; S:
transparent quartz cell with sample; A1: rectangular aperture; CCD:
charge-coupled device; f cx : the spatial carrier frequency along the x
direction of the sensor plane; O: object beam; R: reference beam.
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EQ-TARGET;temp:intralink-;e008;63;752cðx; yÞ ¼ oðx; yÞrðx; yÞ exp½iϕðx; yÞ; (8)
where the two last terms of Eq. (6) have a spatial carrier fre-
quency fcx and fcy [see Eq. (3)] that modulates the phase of
Oðx; yÞ [Eq. (2)].
Next, we employ the Fourier transform (FT) on Eq. (6) to
obtain
EQ-TARGET;temp:intralink-;e009;63;675FTfIg ¼ Aðfx; fyÞ þ Cðfx − fcx; fy − fcyÞ
þ Cðfx − fcx; fy − fcyÞ; (9)
where the capital letters represent the FT of each term and
* denotes the conjugate complex. Any part of the complex
term reconstructed wavefront C or C in the Fourier spec-
trum plane is used to calculate ϕðx; yÞ of the object
wavefront. The three different contributions of the recon-
structed hologram are spatially separated according to the
shape and size of the aperture A1 and the spatial carrier
frequencies fcx and fcy. Figure 2 shows the Fourier spectrum
as a function of the aperture A1, fcx, and fcy in the optical
system in Fig. 1.
The process to calculate ϕðx; yÞ in Eq. (6) continues by
filtering C, and its inverse FT is calculated in order to deter-
mine the phase as
EQ-TARGET;temp:intralink-;e010;326;752ϕðx; yÞ þ 2πiðfcxxþ fcyyÞ ¼ arctan
Im½cðx; yÞ
Re½cðx; yÞ : (10)
3 Temperature Determination
In order to measure and study the temperature evolution in a
liquid between two different states of a sample using DHI,
we need to remotely and noninvasively compare a reference
state (a first wave object) with a second state (different wave
object) when the liquid temperature decreases. For the case
of a rectangular quartz container (see Fig. 3), we obtain a
phase distribution according to the optical path length (OPL),
the refractive indices of the liquid sample nS and the con-
tainer material ng, and the inner di and outer dou side lengths
of the container.7–9,20
A phase variation Δϕt−0 between the two object wave-
fronts depends on the variations of the OPL, ΔOPL, and
can be expressed as
EQ-TARGET;temp:intralink-;e011;326;554Δϕt−0ðx; yÞ ¼
2π
λ
ΔOPL ¼ 2π
λ
Z
di
0
½nStðx; y; tÞ − nS0 dz;
(11)
where nStðx; y; tÞ is the refractive index distribution at time t,
and nS0 is the refractive index at an initial time or reference
state. The object beam passes along the z direction through
the liquid sample, and the integration of the refractive indices
is taken along the propagation direction z. In an approxima-
tion of a temperature variation in a liquid, the phase map
difference corresponds to an integration of refractive index
variation in the transparent object and is given by
EQ-TARGET;temp:intralink-;e012;326;413Δϕt−0ðx; yÞ ¼
2π
λ
diðx; yÞ½ΔnSt−0ðx; yÞ: (12)
The interference phase distributions are calculated by mod-
ulo 2π subtraction as17
EQ-TARGET;temp:intralink-;e013;326;354Δϕt−0ðx; yÞ ¼8<
:
ϕtðx; yÞ − ϕ0ðx; yÞ þ 2π; if ϕtðx; yÞ − ϕ0ðx; yÞ < −π
ϕtðx; yÞ − ϕ0ðx; yÞ − 2π; if ϕtðx; yÞ − ϕ0ðx; yÞ ≥ þπ
ϕtðx; yÞ − ϕ0ðx; yÞ; else:
(13)
The refractive indices nStðx; y; tÞ and nS0 in Eq. (11) are
related to a variation in temperature and/or a concentration
of the liquid sample. Therefore, a refractive index difference
also can be expressed as24
EQ-TARGET;temp:intralink-;e014;326;223ΔnSt−0ðx; yÞ ¼

∂nS
∂T

Con
½Ttðx; yÞ − T0ðx; yÞ
þ

∂nS
∂Con

T
½Contðx; yÞ − Con0ðx; yÞ; (14)
where Ttðx; yÞ and Contðx; yÞ are the temperature and the
solution concentration at t, respectively; T0ðx; yÞ and
Con0ðx; yÞ are the temperature and the solution concentra-
tion at t ¼ 0; ½ð∂nS∕∂TÞCon and ½ð∂nS∕∂ConÞT are the
dependence of the refractive index on the temperature and
the concentration of S, respectively. If the liquid solution
concentration is constant at two times, Eq. (14) can be
rewritten as
Fig. 2 Fourier spectrum with the aperture A1.
Fig. 3 Rectangular container. d i and dou are the inner and outer side
lengths of the container, respectively; nS and ng are the refractive indi-
ces of the liquid sample and the glass walls, respectively. The cell’s
dimensions are 10 × 10 × 50 mm (L ×W × H).
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EQ-TARGET;temp:intralink-;e015;63;752ΔnSt−0ðx; yÞ ¼

∂n
∂T

Con
½Ttðx; yÞ − T0ðx; yÞ: (15)
By substituting Eq. (15) into Eq. (12), we can obtain an
expression to calculate the temperature in the full-field
distribution at t:
EQ-TARGET;temp:intralink-;e016;63;684 tðx; yÞ ¼ T0ðx; yÞ þ

Δϕt−0ðx; yÞ
diðx; yÞ
λ
2π

∕

∂nS
∂T

Con
: (16)
4 Results
Using a reference temperature T0ðx; yÞ and a small region of
series of wrapped phase differences [created with Eq. (13)],
we are able to determine the temperature in that small region.
Additionally, we can create a one-dimensional (1-D) graph
of the temperature evolution in the sample using each small
point in it.
In order to verify the correct operation of the experimental
setup, we calculated the temperature and visualized the cool-
ing process in distilled water using Eq. (16). We compared
this temperature with measurements from a digital thermom-
eter with an accuracy of 1°C. Furthermore, we used this
thermometer to determine the reference temperature T0ðx; yÞ.
The parameter ½ð∂nS∕∂TÞCon in Eq. (16) for distilled water is
0.0001.29
As an experimental study, the cell in the schematic setup
(see Fig. 1) was filled with 0.66 ml of heated distilled water
at 22.0°C. To monitor the cooling process, 1460 holograms
were registered at 12 fps; the first hologram reconstructed the
initial object wavefront O0ðx; y; 0Þ, and the other holograms
represented the following time or Otðx; y; tÞ. The tempera-
ture within the laboratory was stabilized at 19°C during
the course of experiment. To improve the sensitivity and
the results, we used a camera with 14 bits of dynamic
range instead of a camera with 8 bits of dynamic range.
We obtained the two-dimensional (2-D) wrapped phase
difference distribution using Eq. (13) according to the
phase difference between the wavefronts O0ðx; y; 0Þ and
Otðx; y; tÞ. Some of the 2-D wrapped phase differences of
the cooling process are shown in Figs. 4(a)–4(f) with
t ¼ 1, 21, 43, 64, 86, and 108 s, respectively. To verify
themethod, we obtained a measurement of the phase variations
at three points [their dimensions were p1 (4.1 × 2.8 mm), p2
(8.3 × 6.7 mm), and p3 (6.8 × 4.8 mm) on the 2-D wrapped
phase differences; see the “x” in Fig. 4]. However, we are
also capable of performing temperature measurements
over the full field of the phase variation over the entire liquid
sample. Since the wrapped phase maps were noisy, we incor-
porated an averaging filter with a 5 × 5window to reduce the
inherent speckle noise from the interference phase maps (see
Fig. 4), but the temperature data were obtained from the raw
wrapped phase maps.
We selected the points p1, p2, and p3 near the thermom-
eter to obtain similar temperature data compared with the
temperature values obtained using this alternative method.
We generated a 1-D wrapped phase graph using the phase
difference [Eq. (13)] values at each point (p1, p2, and p3)
of the holograms at their respective time of the cooling proc-
ess. The 1-D wrapped phase graph is shown in Fig. 5(a).
Later, we obtained an unwrapped phase value using the 1-D
wrapped phase. We used the reference temperature value and
every phase increment during a certain t to calculate the
liquid temperature in each point using Eq. (16) [see Fig. 5(b)].
Table 1 lists the values obtained with a thermometer and
the values obtained with DHI; the deviation between the
values is also listed. According to the results, the largest
deviation between the three points and the data measured
using the thermometer was 0.2°C.
Fig. 4 Wrapped phase difference maps obtained with Eq. (16) showing temperature variations of the
distilled water at different times: (a) t ¼ 1 s; (b) t ¼ 21 s; (c) t ¼ 43 s; (d) t ¼ 64 s; (e) t ¼ 86 s; and
(f) t ¼ 108 s.
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According to our experiments and Newton’s law,30 we
confirm that the magnitude of the temperature variation
decreases when the final temperature approaches the envi-
ronmental temperature.
5 Conclusions
We have presented an optical setup to obtain real-time mea-
surements of temperature values during the cooling process
of a liquid using DHI. Each pixel in the recorded holograms
yields information about the dynamic evolution of the tem-
perature property. Using only the variation of a single pixel
in the 2-D wrapped phase difference map and a reference
temperature, we can determine the temperature; we do not
need the entire phase difference map to obtain one value.
Since we possessed full-field information, it was possible
to measure the temperature in each pixel in the figure of
the hologram. Therefore, the proposed optical technique
can detect small changes in temperature on the order of
0.2°C in distilled water. In as much as DHI is an optical
technique, we can obtain noncontact, nondestructive, non-
invasive, and full-field temperature values. This situation
is in contrast to traditional methods of temperature measure-
ment such as those using thermometers. Our method can be
used to study the thermal properties of phase-change materi-
als and to predict the thermal behavior or a phase change of
a liquid using only a pixel and its subsequent values.
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